Introduction {#S0001}
============

Photodynamic therapy (PDT) has been widely employed and shown effective modality in treating melanoma, breast cancer, superficial tumors.[@CIT0001]--[@CIT0004] Although PDT develops rapidly in recent years, several deficiencies have still hampered the application of PDT in the clinic. Firstly, photosensitizers belong to non-specific drugs in molecular structure, and there is no specific drug target in tumor tissues. Hence, large doses utilized in clinics expose patients to potential systemic dark toxicity and local light toxicity. Secondly, it is very difficult to develop the drug for a great number of highly active photosensitizers such as pyropheophorbide-*a* (Pha), etc. because of their poor water-solubility and high dark toxicity. Thirdly, plenty of clinical data reveal a fact that activity of histone deacetylase (HDAC) in residual tumor cells significantly increases after treatment with PDT,[@CIT0005]--[@CIT0007] which causes a fast proliferation of tumor cells, and finally probably lead to the relapse and metastasis of cancers.[@CIT0008]--[@CIT0010] In addition, it has been proven that histone deacetylases inhibitor (HDACi) combined with PDT can potentiate PDT antitumor effect via down-regulating the activity of HDAC.[@CIT0005],[@CIT0011],[@CIT0012] However, some defects of HADCi such as poor solubility, short half-life, and low efficiency of cellular uptake also hamper the development of HDACi in the clinic.[@CIT0013]--[@CIT0015] Many HDACi even administrated at large doses cannot reach the effective concentration in target tissue before their degradation. Therefore, it is significant to explore the synergetic antitumor effect of photosensitizer and HDACi by fabricating both of them into a tumor-targeting water-soluble drug- delivery system to overcome the shortcomings of both above two kinds of drugs.

As illustrated in [Scheme 1](#SCH0001), a folate-mediated and pH-responsive chidamide-bound block polymer micelle-encapsulating pyropheophorbide-*a* (Pha) with tumor-targeting, acid-activation, and compartmental drugs release in endosome or lysosome was designed and fabricated to deliver the drugs to tumor sites. Namely, chidamide was bound onto pH-responsive polymer polyethylene glycol-*b*-poly(aspartic acid) (PEG-PAsp)[@CIT0016] grafted folate (FA) (FA-PEG-PAsp) to obtain block polymer folate polyethylene glycol-*b*-poly(asparaginyl-chidamide) (FA-PEG-PAsp-chidamide, FPPC), followed by self-assembly with pyropheophorbide-*a* (Pha) to form the polymer micelles Pha\@FPPC \[folate polyethylene glycol-*b*-poly(asparaginyl-chidamide) micelle-encapsulating pyropheophorbide-*a*\]. Among them, chidamide (Epidaza) was a HDACi developed wholly in China and approved by the Chinese FDA for relapsed or refractory peripheral T-cell lymphoma in 2014, and also being researched as a treatment for pancreatic cancer, breast cancer, and non-small cell lung cancer. In addition, pyropheophorbide-*a* was also taken as the model photosensitizer because of its good chemical stability and hydrophobic interaction with amphiphilic polymeric micelles. Scheme 1Illustration of self-assembly and acid-activated of drugs loading micelle.**Note:** Self-assembly folate-mediated and pH-responsive chidamide-bound micelle-encapsulating pyropheophorbide-*a* Pha\@FPPC was endocytosed into the tumor cell, and then endosome evolved into lysosome with pH decreasing to 5.0--5.3 which led an osmotic swelling and burst of lysosome to achieve a release of chidamide and pyropheophorbide-*a* into the cytoplasm resulting in respectively inhibition HDACs and production cytotoxic substances ROS after light irradiation at 660 nm. **Abbreviations:** FA-PEG-*b*-PAsp, folate polyethylene glycol-*b*-poly(aspartic acid); FPPC, folate polyethylene glycol-*b*-poly(asparaginyl-chidamide); Pha\@FPPC, folate polyethylene glycol-*b*-poly(asparaginyl-chidamide) micelle encapsulating pyropheophorbide-*a*; HDACs, histone deacetylases; ROS, reactive oxygen species.

After tumor cellular uptake of the Pha\@FPPC micelles through FA-receptor-mediated endocytosis,[@CIT0017]--[@CIT0019] endosomes evolve into lysosome due to the proton pump effects in the membrane of endosomes.[@CIT0020] Therefore, pH value of the lysosome finally could reach to 5.2 or even lower, and pH-responsive segment polymer poly(aspartic acid) (PAsp) was to turn to hydrophilicity from hydrophobicity in neutral solution, and Pha molecules were then directionally released in the lysosome from the micelles. Meanwhile, chidamide-grafted polymer was catalyzed by lipase to gradually release chidamide in the lysosome.

As a result, on the one hand, it should be expected that Pha\@FPPC could improve water-solubility and tumor cellular uptake of Pha and chidamide, and directionally release Pha in tumor sites by acid-triggering in a tumor's slightly acidic environment, resulting in enhancing PDT antitumor efficacy of free Pha due to both its folate-mediated tumor-targeting and selectively accumulation at tumor site by EPR (enhanced permeability and retention) effect as micelle nanoparticles.[@CIT0021]--[@CIT0023] On the other hand, chidamide segment in Pha\@FPPC could not only exert its own antitumor effect as an HDACi, but also augment PDT antitumor efficiency of Pha probably due to prevention the potential relapse and metastasis via inhibiting the elevated activity of HDAC induced by PDT. In a word, the purpose of this study was to verify and provide a dual tumor-targeting drug-delivery carrier for photosensitizer Pha to potentiate its PDT antitumor efficacy with inhibition tumor metastasis.

Materials and methods {#S0002}
=====================

Materials {#S0002-S2001}
---------

Amino polyethylene glycol (PEG-NH~2~, MW=5000), L-aspartate-4-benzyl ester (H-Asp(OBzl)-OH), 1-(3-Dimethylaminopropyl)-3-Ethylcarbodiimide hydrochloride (EDCI), 2-(7-Azabenzotriazol-1-yl)-N,N,N',N'-tetramethyluronium hexafluorophosphate (HATU), N-hydroxybenzotrizole (HOBt)，N,N'-carbonyldiimidazole (CDI), Tetrahydrofuran (THF) and N,N-diisopropylethylamine (DIPEA) were purchased from Shanghai Aladdin Bio-Chem Technology Co., Ltd. (Shanghai, People's Republic of China). Chidamide was purchased from Dalian Meilun Biotechnology Co., Ltd. (Dalian, People's Republic of China). Folate amino polyethylene glycol (FA-PEG-NH~2~，MW=5000) was purchased from Shanghai Pengsheng Bio-technology Co., Ltd. (Shanghai, People's Republic of China). Aniline, dichloromethane (DCM)，N,N-dimethyl formamide, dimethyl sulfoxide (DMSO)，ethyl acetate were purchased from Chinese Medicine Group Chemical Reagent Co., Ltd. (Shanghai, People's Republic of China)

Cell culture {#S0002-S2002}
------------

The human ovarian cancer cell line A2780, the mice malignant melanoma cells B16-F10, human umbilical vein endothelial cell (HUVEC) was purchased from Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences (Shanghai, People's Republic of China). All cells were incubated in RPMI 1640 culture medium supplemented with 10% fetal bovine serum and 1% penicillin--streptomycin at 37°C in a humidified environment with 5% CO~2~.

Preparation of Pha\@FPPC and Pha\@PPC {#S0002-S2003}
-------------------------------------

Folate polyethylene glycol-*b*-poly(asparaginyl-chidamide) (FA-PEG-*b*-PAsp-chidamide, FPPC) and polyethylene glycol-*b*-poly(asparaginyl-chidamide) (PEG-*b*-PAsp-chidamide, PPC) were synthesized as described in supplementary materials referring to literature method.[@CIT0004],[@CIT0024]--[@CIT0027] 10 mg FPPC was dissolved in 3 mL of PBS (pH 7.4) and 1 mg Pha in 0.5 mL of THF was immediately added. The mixtures were openly stirred in dark atmosphere overnight, and then centrifuged at 5000 rpm for 15 mins. The supernatant liquor was the destination product Pha\@FPPC micelles (FPPC micelles encapsulating Pha), and the precipitation was used to calculate Pha loading rate.

In addition, Pha\@PPC micelles (PPC micelles encapsulating Pha) were similarly prepared in accordance with the above method using PPC in place of FPPC. Meanwhile, blank FPPC micelles were provided by dispersing FPPC into PBS (pH 7.4).

Determination of Pha loading efficiency {#S0002-S2004}
---------------------------------------

The above precipitation was dried by vacuum and then dissolved in 5 mL of DMSO to form the mother solution, following to be diluted by ten times with DMSO. The absorbance of the final solution at 405 nm was measured by UV/VIS via ELISA, following to figure out the concentration of Pha in DMSO mother solution of the precipitation (*C~Pha,precipitation~*) according to the UV absorption standard curve at 405 nm of Pha ([Figure S2](#SF0002)), and then the Pha loading rate was calculated as follows: $$\documentclass[12pt]{minimal}
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In this equation, mass of total Pha (*m~Pha,total~*) and total FPPC (*m~FPPC,total~*) was 1.0 and 10 mg, respectively. Mass of Pha in the precipitation (*m~Pha,precipitation~*) was obtained via*C*~Pha,precipitation~ multiplication by the total volume of mother solution.

Characterization of Pha\@FPPC {#S0002-S2005}
-----------------------------

The morphology of Pha\@FPPC and FPPC micelles was dyed by uranyl acetate and observed under transmission electron microscope (TEM) (TecnaiG^2^ F20 S-Twin; FEI, Hillsboro, OR, USA). The size and diameter distribution of Pha\@FPPC and FPPC micelles were measured by dynamic light scattering (DSL, ZEN3600, Malvern Panalytical, UK).

Drug release of Pha\@FPPC {#S0002-S2006}
-------------------------

One milliliter of Pha\@FPPC micelles in dialysis tube was dialyzed against release media (20 mL, PBS: DMSO: Tween-20=98: 1: 1; pH =5.2, 7.4, respectively) at 37°C. Drawn 1 mL of dialyzate at 0.5, 1, 2, 4, 8, 12, 24, 48, 60, 72 hrs, and replenished 1 mL of fresh release media timely. The absorbance of the samples at 405 nm was measured by UV/VIS via microplate reader to draw the accumulative release curve.

Cytotoxicity of Pha\@FPPC in vitro {#S0002-S2007}
----------------------------------

Ovarian cancer cell A2780, murine melanoma cell B16-F10, and normal cell HUVEC were chosen to access the cytotoxicity of Pha\@FPPC, FPPC, and free Pha via Cell Counting Kit-8 (CCK-8). A total of 1×10^4^ cells the exponential stage were seeded into each well of six 96-well plates and incubated for 12 hrs. The culture medium was removed and 100 μL of photosensitizer loaded micelles Pha\@FPPC, Pha\@PPC, and free Pha at different concentration gradients in the culture medium were then added into the plates, respectively. After incubating for 24 hrs in a dark environment, the culture medium was removed and complete culture medium was replenished. Whether receiving irradiation with the diode laser at 660 nm for 378 s at a power density of 25 mW/cm^2^ (ie, PDT at a light dose of 9.45 J/cm^2^) or not, cells were incubated for another 24 hrs. The above loading media were removed, and the cells were then fed 100 μL of new culture medium with 10%CCK-8 and incubated for 1.5 hrs. The cell viability was assessed by CCK-8 assay (Dojindo Laboratories, Japan) according to the manufacturer's protocol. The absorbance of each well was monitored by a microplate reader (ELx800; BioTek, Winooski, VT, USA) at 450 nm followed to calculate the dark cytotoxicity and photocytotoxicity of the samples, respectively.

Cellular uptake and tumor cell targeting {#S0002-S2008}
----------------------------------------

B16-F10 cells at exponential phase with a concentration of 2.5×10^5^/mL were seeded on confocal plates. After incubating for 24 hrs, the culture medium was removed and the fresh culture media individually containing 5 μM of Pha\@FPPC, Pha\@PPC and free Pha were, respectively, added into the plates. After incubating for 24 hrs, the culture medium was removed and the fresh culture media individually containing 5 μM of Pha\@FPPC, Pha\@PPC and free Pha were, respectively, added into the plates. After 2 hrs, the cells in each plate were washed by PBS for three times and fixed by 4% paraformaldehyde for 20 mins. Then, the cells were stained by 2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI) for 20 mins, washed by PBS for three times, dispersed in 0.5 mL of PBS, and finally inspected under laser confocal microscopy. The cell nucleus dyed by DAPI and intracellular Pha could emit blue fluorescence and red fluorescence, respectively.

Determination of cellular ROS level {#S0002-S2009}
-----------------------------------

The protocol of reactive oxygen species (ROS) level determination was conducted as literature reported.[@CIT0028]--[@CIT0030] In brief, a total of 5×10^5^ B16-F10 cells at the exponential stage were seeded into six-well plates. After incubating for 12 hrs, the culture medium was removed. The cells with PDT-treated were added 0.1 μM of Pha\@FPPC, FPPC, and Pha in RPMI-1640 medium, respectively, and the other cells without PDT-treated were added 0.3 μM of the above samples. After incubating for 24 hrs, 10 mM of 2′, 7′-dichlorodihydrofluorescin diacetate (DCFH-DA, 1 μL) was added into each well for 1 hr. All the cells were washed by PBS for three times, and replenished 2 mL of complete medium. The cells with PDT-treated were irradiated by the diode laser at 660 nm with a light dose of 9.45 J/cm^2^. All the cells were kept in dark for 20 mins and then cellular ROS level was detected via flow cytometry (λ~ex~=488 nm, λ~em~=525 nm).

Detection of cell apoptosis and cell cycle arrest {#S0002-S2010}
-------------------------------------------------

A total of 2.5×10^5^ B16-F10 cells at the exponential stage were seeded into two six-well plates overnight and then the culture medium was removed. According to the cytotoxicity of Pha previously determined, the cells without PDT-treated were individually added into 10 μM of Pha\@FPPC and Pha while the cells with PDT-treated were, respectively, added into 0.15 μM of Pha\@FPPC, FPPC, Pha and 0.5 μM of Pha\@FPPC and Pha, following to receive irradiation by the diode laser at 660 nm with a light dose of 9.45 J/cm^2^. After incubating for 24 hrs, all the cells were collected to detect the apoptosis with FITC-AnnexinV/PI kit and the cell cycle arrest with EZCellTM Cell Cycle Analysis Kit by flow cytometry (BD FACS Calibur, USA).

PDT antitumor activity in vivo and histological analysis {#S0002-S2011}
--------------------------------------------------------

C57BL/6J (18--20 g) male mice were purchased from Shrek Animal Co. Ltd. (Shanghai, People's Republic of China). All animal experiments were conducted in compliance with the Guiding Principles for the Care and Use of Laboratory Animals, the Second Military Medical University. Protocols were approved by the Institutional Animal Care and Use Committee of the Second Military Medical University. Mice-bearing melanoma models were prepared by injecting a total of 1×10^5^ B16-F10 cells in a 100 μL of culture medium into right hind leg subcutaneously. Till the tumor volume reached \~80 mm^3^, mice were randomly divided into five groups (five mice in each group): saline group (negative control), Pha\@FPPC group, Pha\@PPC group, FPPC group, and free Pha group. Tumors in each group were irradiated by the diode laser at 660 nm with a power density of 300 mW/cm^2^ for 360 s (ie, light dosage：90 J/cm^2^) at 45 mins after drug administration via tail intravenous injection with a dosage of 2 mg/kg. Tumor volumes and the survival rate of mice bearing B16-F10 melanoma were observed. The mice were given free access to food and water during the experiment.

The intact lung from the first dead tumor-bearing mouse in every group was excised, fixed in 4% paraformaldehyde. After the metastatic nodules on lung surface were observed, the lung tissue was paraffin embedded, sectioned, and stained with hematoxylin and eosin (H&E) for microscopic analysis (Olympus CKX41-A22PHP).

Statistical analysis {#S0002-S2012}
--------------------

The statistical significance between the cytotoxicities for Pha\@FPPC, Pha, and FPPC in vitro was evaluated using the Student's *t*-test. The statistical significance of tumor volume between the two groups was conducted in GraphPad Prism 5.0 by two-way ANOVA. The mice survival curve was analyzed by Log-rank (Mentel of Cox) Test. A *P*-value below 0.05 was considered to be statistically significant for all analyses.

Results and discussion {#S0003}
======================

Preparation and characterization of Pha\@FPPC {#S0003-S2001}
---------------------------------------------

Pha\@FPPC micelles were successfully prepared in PBS (pH 7.4), and observed Tyndall Phenomenon in dark ([Figure 1A](#F0001){ref-type="fig"}). Morphology of Pha\@FPPC micelles under the TEM emerged as favorable sphere morphology (\~93.0 nm) with good dispersion in PBS ([Figure 1B](#F0001){ref-type="fig"}). Moreover, Pha\@FPPC micelles had higher stability than blank FPPC micelles because of their higher scattering light intensity ([Figure 1A](#F0001){ref-type="fig"}) and better-dispersed sphere morphology ([Figure 1B](#F0001){ref-type="fig"}), suggesting that encapsulating Pha could stabilize the micelles due to the hydrophobic interaction between Pha and PAsp segments at a neutral pH. In addition, the hydrodynamic diameters of Pha\@FPPC and blank FPPC micelles at pH 7.4 were 181.0 nm and 136.2 nm, respectively ([Figure 1C](#F0001){ref-type="fig"})Figure 1Characterization, Pha loading and release performance of samples.**Note:** (**A**) Tyndall phenomenon of samples (from left to right in each picture: water, FPPC micelles, Pha\@FPPC micelles); (**B**) the TEM images of blank FPPC micelles (left) and Pha\@FPPC (right), Scale bar =200 nm; (**C**) sizes of Pha\@FPPC and blank FPPC under dynamic light scattering; (**D**) pH responsiveness release curve of Pha from Pha\@FPPC in vitro.**Abbreviations:** FPPC, folate polyethylene glycol-*b*-poly(asparaginyl-chidamide); Pha, pyropheophorbide-*a*; Pha\@FPPC, folate polyethylene glycol-*b*-poly(asparaginyl-chidamide) micelle encapsulating pyropheophorbide-*a*; TEM, transmission electron microscope.

Determination of Pha loading efficiency and pH-responsive drug release in vitro {#S0003-S2002}
-------------------------------------------------------------------------------

Pha loading rate of Pha\@FPPC prepared in PBS at pH 7.4 was 4.67%. As shown in [Figure 1D](#F0001){ref-type="fig"}, the pH-responsive release of Pha in Pha\@FPPC micelles was measured in PBS at different pH conditions (pH 7.4, 5.2) by simulating the normal drug-delivery microenvironment and acidic microenvironment of endosome or lysosome in tumor cells. In the condition of pH 5.2, 57.39% of Pha was released from Pha\@FPPC at 48 hrs, while only \~42.78% of Pha was released from Pha\@FPPC even over 48 hrs at pH 7.4. In neutral conditions, PAsp segments were hydrophobic tight core encapsulating Pha in the micelles. On the contrary, in acidic conditions, the PAsp segments became hydrophilic and loose chains to result in exposing Pha to the cytoplasm (pH 5.1--5.4). Hence, PAsp segments actually potentiated acid-activation of the micelles and made a faster release of Pha from Pha\@FPPC micelles in the cytoplasm.

Cytotoxicity of Pha\@FPPC in vitro {#S0003-S2003}
----------------------------------

Dark and light cytotoxicity of Pha\@FPPC were evaluated via CCK-8 assay against B16-F10, A2780 , and HUVEC cells. As shown in [Figure 2](#F0002){ref-type="fig"} and [Table 1](#T0001){ref-type="table"}, Pha\@FPPC had lower dark cytotoxicity against B16-F10 or A2780 cells than Pha (B16-F10: *P*\<0.0001, A2780: *P*=0.0004). Moreover, Pha\@FPPC had a higher light cytotoxicity against A2780 cells than free Pha (*P*=0.0008), while Pha\@FPPC showed comparable light cytotoxicity against B16-F10 cells to free Pha (*P*=0.4848), demonstrating that Pha\@FPPC could significantly decrease the dark cytotoxicity of Pha and had a better therapeutic index because of its higher dark cytotoxicity/photocytotoxicity ratio (ie, 204.8 for B16-F10 cells and 204.7 for A2780 cells) compared to free Pha (ie, 25.4 for B16-F10 cells and 20.6 for A2780 cells). In addition, the polymer carrier FPPC displayed certain dark cytotoxicity to tumor cells (ie, IC~50~ value: 23.82±1.96 μM for A2780 cells) due to its ingredients of chidamide as an HDACi. Moreover, because polymeric carrier FPPC containing folate (FA) was expected to be able to identify abundant FA receptors of the tumor cell surface and transfect cells by receptor-mediated endocytosis, Pha\@FPPC exhibited higher dark cytotoxicity to tumor cell (ie, IC~50~ value: 34.61±3.22 μM for B16-F10 cells and 12.69±1.71 μM for A2780 cells) compared to normal healthy HUVEC cell (ie, IC~50~ value: 56.88±11.60 μM), indicating its tumor cell targeting. Table 1Cytotoxicity for Pha\@FPPC, Pha and FPPC in vitro (IC~50~, μM)Cell linesTreatmentLight cytotoxicityDark cytotoxicityRatio (dark/light)B16-F10Pha\@FPPC0.169±0.02534.61±3.22\*\*\*204.8FPPC----Pha0.186±0.0294.72±0.6425.4A2780Pha\@FPPC0.062±0.001\*\*\*12.69±1.71\*\*\*204.7FPPC--23.82±1.96Pha0.086±0.0041.77±0.0620.6HUVECPha\@FPPC0.147±0.01256.88±11.60\*386.9FPPC--124.96±47.47Pha0.184±0.06225.98±1.86141.2[^2][^3] Figure 2Cytotoxicity of Pha\@FPPC in vitro.**Note:** Relative viabilities of B-16-F10 (**A1, A2**), A2780 (**B1, B2**), and HUVEC (**C1, C2**) cells were analyzed by CCK-8 assay after treatment by various concentrations of Pha\@FPPC, Pha, and FPPC with or without light irradiation at 660 nm on a dosage of 9.45 J/cm^2^. The data were shown as the mean ± standard deviation (n=3).**Abbreviations:** FPPC, folate polyethylene glycol-*b*-poly(asparaginyl-chidamide); Pha, pyropheophorbide-*a*; Pha\@FPPC, folate polyethylene glycol-*b*-poly(asparaginyl-chidamide) micelles encapsulating pyropheophorbide-*a.*

Cellular uptake and tumor cell targeting {#S0003-S2004}
----------------------------------------

High efficient cellular uptake is a crucial premise for drug-delivery system in vivo. As shown in [Figure 3](#F0003){ref-type="fig"}, Pha\@FPPC and Pha\@PPC were both well uptaken into B16-F10 cells and distributed in cytoplasm around the cell nucleus ([Figure 3A](#F0003){ref-type="fig"} and [B](#F0003){ref-type="fig"}). Moreover, Pha\@FPPC in cells had stronger red fluorescence intensity under the same concentration compared to Pha\@PPC in cells, suggesting that cellular uptake for Pha\@FPPC was reinforced by folate receptor of the tumor cell surface-mediated endocytosis due to its ingredients of folate (the maximum fluorescence intensity of each group based on [Figure 3](#F0003){ref-type="fig"} related to cellular uptake provided in [Figure S3](#SF0003)). Additionally, as a lipophilic photosensitizer, free Pha mainly was distributed in B16-F10 cell membrane, and the integrity of cytomembrane was destroyed probably because of its dark cytotoxicity (IC~50~=4.72 μM, shown in [Table 1](#T0001){ref-type="table"}), resulting in that cells were inclined to aggregate ([Figure 3C](#F0003){ref-type="fig"}). These were quite the visualized images further demonstrated that Pha\@FPPC and Pha\@PPC micelles could significantly decrease the dark cytotoxicity of free Pha. Figure 3Cellular uptake and tumor cell targeting of Pha\@FPPC in vitro.**Note:** Fluorescence images of B16-F10 cells under laser confocal microscopy after co-incubation with 5 μM of Pha\@FPPC, Pha\@PPC, and Pha for 2 hrs. Scale bar =50 μm. The cell nucleus stained by DAPI emits blue fluorescence at the excitation wavelength of 358 nm, and Pha uptake by cells emits red fluorescence at the excitation wavelength of 633 nm.**Abbreviations:** Pha, pyropheophorbide-*a*; Pha\@FPPC, folate polyethylene glycol-*b*-poly(asparaginyl-chidamide) micelles encapsulating pyropheophorbide-*a*; Pha\@PPC, polyethylene glycol-*b*-poly (asparaginyl-chidamide) micelles encapsulating pyropheophorbide-*a*; DAPI, 2-(4-Amidinophenyl)- 6-indolecarbamidine dihydrochloride.

Detection of cell apoptosis, cellular ROS level, and cell cycle arrest {#S0003-S2005}
----------------------------------------------------------------------

Cell apoptosis was detected by flow cytometry (BD FACS Calibur, USA) and shown in [Figure 4A](#F0004){ref-type="fig"}. Compared to control ([Figure 4A1](#F0004){ref-type="fig"}), Pha\@FPPC showed hardly any cytotoxicity on B16-F10 cells at a dose of 10 μM ([Figure 4A2](#F0004){ref-type="fig"}) without light irradiation while free Pha, whose cell necrosis rate was 96.73%, nearly killed all the cells at this dosage ([Figure 4A3](#F0004){ref-type="fig"}), demonstrating that the drug loading micelles could significantly decrease the dark cytotoxicity of Pha which was always the main shortcoming of photosensitizers. Cell necrosis rates for 0.15 μM of Pha\@FPPC and free Pha with light irradiation was, respectively, 95.45% and 52.36% ([Figure 4A5](#F0004){ref-type="fig"} and [A6](#F0004){ref-type="fig"}), which meant that Pha\@FPPC could significantly decreased the effective PDT therapeutic concentration of Pha due to the synergistic effect of the chidamide segment. In addition, FPPC with light irradiation also displayed scarcely any cytotoxicity ([Figure 4A7](#F0004){ref-type="fig"}) at a dose of 0.5 μM compared to control ([Figure 4A4](#F0004){ref-type="fig"}). All the above results were in accordance with previous cytotoxicity data measured by CCK-8 assay for Pha\@FPPC, FPPC, and free Pha. Interestingly, there was a notable fact that few cell apoptosis was found in this experiment, suggesting that necrocytosis was probably the main mechanism of cell death induced by Pha\@FPPC after PDT.Figure 4The mechanism of B16-F10 cells death induced by Pha\@FPPC after PDT.**Notes:** The apoptosis (**A**), ROS level (**B**), and cell cycle arrest (**C**) of B16-F10 cells detected by flow cytometry after treatment by Pha\@FPPC, FPPC, and free Pha without ("-") or with 660 nm light irradiation ("+") at a dosage of 9.45 J/cm^2^.**Abbreviations:** PDT, photodynamic therapy; Pha, pheophorbide-*a*; Pha\@FPPC, folate polyethylene glycol-b-poly(asparaginyl-chidamide) micelles encapsulating pyropheophorbide-*a*; FPPC, folate polyethylene glycol-b-poly(asparaginyl-chidamide); FITC, fluorescein isothiocyanate; PI, propidium iodide; ROS, reactive oxygen species.

ROS is a critical factor in PDT. Mechanism of B16-F10 cells death induced by Pha\@FPPC after PDT was further investigated by measuring the intracellular ROS level ([Figure 4B](#F0004){ref-type="fig"}). Non-fluorescent probe DCFH-DA could freely penetrate plasma lemma into the cytoplasm where it was hydrolyzed into 2′, 7′-dichlorodihydrofluorescin (DCFH). By reacting with intracellular ROS, DCFH was oxidized to fluorescent matter 2′, 7′-dichlorofluorescin (DCF), which could be used to measure the amount of ROS via fluorescence intensity count. As shown in [Figure 4B](#F0004){ref-type="fig"}, the average fluorescence intensity in B16-F10 cells treated by 0.1 μM of FPPC, Pha\@FPPC and free Pha with light irradiation was, respectively, 151.7 (Figure 4B6), 550.2 ([Figure 4B7](#F0004){ref-type="fig"}) and 330.4 ([Figure 4B8](#F0004){ref-type="fig"}) while that treated by 3.0 μM of FPPC, Pha\@FPPC, and free Pha without light irradiation was individually 18.0 ([Figure 4B2](#F0004){ref-type="fig"}), 68.0, ([Figure 4B3](#F0004){ref-type="fig"}) and \~46.5 ([Figure 4B4](#F0004){ref-type="fig"}), indicating that FPPC, Pha\@FPPC, and free Pha all could greatly improve ROS amount in cells after PDT. Moreover, compared with free Pha, Pha\@FPPC micelles significantly increased the yield of ROS in cells under the same drug dosage and light dosage conditions probably because endocytosis was enhanced by the proton sponge effect of the micelles to result in a higher cellular concentration of Pha.

As shown in [Figure 4C](#F0004){ref-type="fig"}, compared with control ([Figure 4C1](#F0004){ref-type="fig"}), the B16-F10-cells treated with free Pha (0.15 μM) after PDT were blocked in G2 phase ([Figure 4C6](#F0004){ref-type="fig"}), which was in accordance with literature report,[@CIT0031],[@CIT0032] and all the cells treated with Pha\@FPPC after PDT were blocked not only in G2 phase like free Pha but also in G1/G0 phase like chidamide.[@CIT0033],[@CIT0034]

PDT antitumor efficacy of Pha\@FPPC in vivo and histopathology analysis {#S0003-S2006}
-----------------------------------------------------------------------

Antitumor therapeutic effects of Pha\@FPPC-mediated PDT at a light dosage of 90 J/cm^2^ and drug dosage of 2 mg/kg were investigated by measuring tumor volume and survival period of C57/6J mice bearing B16-F10 melanoma in five groups (control, Pha\@FPPC, Pha\@PPC, FPPC, and Pha) ([Figure 5B](#F0005){ref-type="fig"}). Compared with the control group, on day 3 after PDT, Pha\@FPPC, and Pha\@PPC groups initiated significant difference (*P*\<0.01 and *P*\<0.05, respectively), while other groups indicated significant difference on day 4--6 in variety, demonstrating encapsulation of Pha into drug-delivery carrier FPPC could significantly enhance the PDT antitumor effect of Pha in vivo due to EPR effect of tumor as micelle nanoparticles.[@CIT0021]--[@CIT0023] On day 7 after PDT, the destiny Pha\@FPPC group showed a significant difference compared with every other group, indicating the advantage of folate-targeting strategy in retarding tumor proliferation due to its FA-mediated tumor targeting.[@CIT0017]--[@CIT0019] Additionally, compared with the control group, the FPPC group showed significant difference on day 5 after PDT, hinting the antitumor effect of chidamide bound to the polymer vehicle.Figure 5PDT antitumor efficacy of Pha\@FPPC on mice bearing B16-F10 melanoma in vivo.**Notes:** (**A**) Mice bearing B16-F10 melanoma irradiated by the diode laser at 660 nm with a light dosage of 90 J/cm^2^ at 45 mins after intravenous administration with a drug dosage of 2 mg/kg; (**B**) tumor growth curve (\*Represented the differences of control group vs every other group, and \# represented the differences of Pha\@FPPC vs every other group, \**P, ^\#^P*\<0.05, \*\**P, ^\#\#^P*\<0.01 and \*\*\**P, P*\<0.001); (**C**) survival curves of C57BL/6J (control vs Pha\@FPPC, \**P*=0.0127; control vs Pha\@PPC, \**P*=0.0499; Pha\@FPPC vs Pha, ^\#^*P*=0.0471; Pha\@FPPC vs FPPC, ^&^*P*=0.0364), the data were shown as the mean ± standard deviation, *n*=5; (**D**) the posteroanterior photographs of lung tissues with metastatic nodules of the first dead mice bearing B16-F10 melanoma in each group after PDT. (**E**) Microscopic images obtained by H&E staining of the lung sections from the first dead mice bearing B16-F10 melanoma in each group after PDT (×40).**Abbreviations:** PDT, photodynamic therapy; Pha, pheophorbide-*a*; Pha\@FPPC, folate polyethylene glycol-*b*-poly(asparaginyl-chidamide) micelles encapsulating pyropheophorbide-*a*; Pha\@PPC, polyethylene glycol-*b*-poly(asparaginyl-chidamide) micelles encapsulating pyropheophorbide-*a*; FPPC, folate polyethylene glycol-*b*-poly(asparaginyl-chidamide).

Furthermore, the mice survival curve also showed that the mice survival period of Pha\@FPPC and Pha\@PPC groups was both significant prolonged compared to the negative control group (*P*\<0.05), while there was also no significant difference on the survival time between free Pha group and control group (*P*\>0.05). It is noticeable that Pha\@FPPC group showed a significant difference in prolonging the mice survival time compared with the free Pha group, while there was no difference between Pha\@PPC group and free Pha group, which indicated the advantage of a folate-targeting strategy in the drug-delivery system.

With high rates of metastasis, mice melanoma often invaded other organs especially lungs. Accordingly, the pulmonary nodules in mice bearing melanoma were usually used to evaluate the degree of tumor metastasis. As shown in [Figure 5D](#F0005){ref-type="fig"}, no tumor node was found in melanoma-bearing mice lung from Pha\@FPPC, Pha\@PPC, and FPPC groups after PDT, while there were nodes in mice lungs from free Pha and control groups after PDT. Moreover, microscopic histological images of the H&E-stained lung tissue slices taken from above melanoma-bearing mice also showed typical metastatic nodules of tumor in control group and free Pha after PDT, while no visual nodules appeared in lung histological images from Pha\@FPPC, Pha\@PPC, and FPPC groups after PDT ([Figure 5E](#F0005){ref-type="fig"}). The above histological experiment results revealed that entrapment of Pha into drug-delivery carrier FPPC or PPC could significantly prevent metastasis of cancers in vivo due to the antineoplastic effect of chidamide as HDACi.

Conclusion {#S0004}
==========

In the present study, a novel folate-mediated and pH-responsive chidamide-bound polymer micelles folate polyethylene glycol-*b*-poly(asparaginyl-chidamide) (FPPC) was successfully developed as a multimodal tumor-targeting drug-delivery carrier for photosensitizer Pha. Pha was well entrapped into FPPC in PBS (pH 7.4) to form Pha\@FPPC micelles via the interaction between the hydrophobic layer of PAsp segments and Pha in the near neutral solution. The Pha\@FPPC (FPPC polymer micelles encapsulating Pha) emerged as favorable sphere morphology under the TEM (\~93.0 nm) with good dispersion and stability in PBS (pH 7.4) and could be well released in vitro at pH value of 5.2. After tumor cellular untaken by FA-receptor-mediated endocytosis,[@CIT0018]--[@CIT0020] PAsp segments became hydrophilic, responding to the acidic pH of endosomes or lysosome, and Pha was rapidly released from unlocked FPPC into the cytoplasm. Therefore, the drug-delivery carrier FPPC could effectively increase the therapeutical concentration of hydrophobic photosensitizer Pha in the tumor site and decrease the systemic cytotoxicity of Pha and chidamide. Consequently, as we expected, compared with free Pha, Pha\@FPPC micelles greatly enhanced the cellular uptake and the yield of ROS in tumor cells induced by PDT, and mainly caused necrocytosis and blocked cell growth cycle not only in G2 phase like free Pha but also in G1/G0 phase like chidamide after PDT. In addition, Pha\@FPPC micelles had lower dark cytotoxicity against B16-F10 and A2780 cells and a better therapeutic index because of its higher dark cytotoxicity/photocytotoxicity ratio. More encouragingly, Pha\@FPPC not only significantly strengthened the PDT antitumor efficacy on B16-F10-bearing mice of free Pha due to both its FA-mediated tumor-targeting[@CIT0017]--[@CIT0019] and EPR effect of tumor as micelle nanoparticles[@CIT0021]--[@CIT0023] but also remarkably prevented pulmonary metastasis of mice melanoma due to chidamide segment as a HDACi, resulting in a significant synergistic antitumor effect of photosensitizer and HDACi. All in all, as a new modality of photodynamic therapy, folate-mediated and acid-activated chidamide-grafted drug-delivery polymer micelles, Pha\@FPPC indeed have great potential to inhibit tumor metastasis and relapse in clinical photodynamic treatment.
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Synthesis of folate polyethylene glycol (PEG)-*b*-poly(asparaginyl-chidamide) (FA-PEG-*b*-PAsp-chidamide, FPPC) {#S0006-S2001}
---------------------------------------------------------------------------------------------------------------

### Synthesis of L-aspartate benzyl ester-*N*-carboxylic acid anhydride (BLA-NCA) {#S0006-S2001-S3001}

L-Aspartic acid-4-benzyl ester (BLA, 4.7 g, 0.02 mol) was dissolved in 60 mL of anhydrous THF and triphosgene (6.0 g, 0.02 mol) was then added and allowed to stir at 60°C until the mixture solution turned clear. After evaporation of the solvent, the residue was re-crystallized with chloroform and *n*-hexane at 0°C to provide BLA-NCA as white crystal solid.

### Synthesis of folate polyethylene glycol-b-poly(aspartic acid benzyl ester) (FA-PEG-b-PBLA) {#S0006-S2001-S3002}

FA-PEG-NH~2~ (0.1 g) was dissolved in 10 mL anhydrous DCM and BLA-NCA (1.0 g) in 30 mL of DCM was then added. The reaction mixture was stirred at room temperature under N~2~ for 72 hrs. The mixture solution washed successively by H~2~O and saturated brine, dried over anhydrous Na~2~SO~4~, and filtrated. After evaporation of the solvent, the residue was then re-crystallized with DCM and ether (Et~2~O) at 0°C to provide FA-PEG-*b*-PBLA as a light yellow powder.

### Synthesis of folate polyethylene glycol-*b*-poly(aspartic acid) (FA-PEG-*b*-PAsp) {#S0006-S2001-S3003}

FA-PEG-*b*-PBLA (1.0 g) was dissolved in a mixed solution (25 mL THF and 25 mL 1M NaOH aqueous solution) and stirred at 35°C for 10 hrs. Then, the concentrated mixture was dialyzed in purified water to provide FA-PEG-*b*-PAsp as brown fluffy powder.

### Conjugation of chidamide and FA-PEG-*b*-PAsp {#S0006-S2001-S3004}

FA-PEG-*b*-PAsp (0.2 g) was dissolved in 10 mL anhydrous DCM and chidamide (0.243 g), HATU (0.238), and DIPEA (0.1 mL) was then added and stirred at room temperature. Then, the concentrated mixture was dialyzed in purified water for 48 hrs to provide FPPC as brown fluffy powder(^1^HNMR in [Figure S1](#SF0001)).

Meanwhile, polymer polyethylene glycol-*b*- poly(asparaginyl-chidamide) (PEG-*b*-PAsp-chidamide, PPC) was synthesized in a similar process only by replacement FA-PEG-NH~2~ with PEG-NH~2~ in step two(^1^HNMR in [Figure S1](#SF0001)).

 {#S0006-S2002}

Figure S1^1^HNMR of (A:FPPC and B: PPC).

Establishment of standard curves {#S0006-S2003}
--------------------------------

1 mg Pha was dissolved in 1 mL DMSO, doubling diluted. 100 μL solution of each sample was then transferred to 96-well plates, and triple duplicate wells for each concentration, and the absorbance of each concentration was measured via ELIASA at 405 nm. Finally, the standard curve was established according to the absorbances (Abs) ([Figure S2](#SF0002)). Figure S2Standard curve of Pha.

Analysis of maximum fluorescence intensity on Cellular uptake images {#S0006-S2004}
--------------------------------------------------------------------

Maximum fluorescence intensity of three individual cells from each group in [Figure 3](#F0003){ref-type="fig"} was detected and analyzed by Image J. (National Institutes of Health, US, version: 1.4.3.67). Due to the high cytotoxicity of free Pha and cell images overlaid, cells in free Pha group were chosen from mono-cell area. Figure S3Maximum fluorescence intensity of Pha (Turkey's Multiple comparison Test, Pha\@FPPC vs control \*\*\**P*\<0.001, Pha\@FPPC vs Pha\@PPC ^\#\#^*P*\<0.01).

[^1]: These authors contributed equally to this work

[^2]: **Notes:** The IC~50~ values were calculated according to above cell relative viabilities in [Figure 2](#F0002){ref-type="fig"}, which was measured by CCK-8 assay after treatment by Pha\@FPPC, Pha, and FPPC with or without light irradiation at 660 nm on a dosage of 9.45 J/cm^2^. The data were shown as the mean ± standard deviation (n=3); \**P*\<0.05 and \*\*\**P*\<0.001, compared with Pha group.

[^3]: **Abbreviations:** IC~50~, half maximal inhibitory concentration; FPPC, folate polyethylene glycol-b-poly(asparaginyl-chidamide); Pha, pyropheophorbide-*a*; Pha\@FPPC, folate polyethylene glycol-b-poly(asparaginyl-chidamide) micelles encapsulating pyropheophorbide-*a*.
